Cell-cell communication in bacteria is accomplished through the exchange of chemical signal molecules called autoinducers. This process, called quorum sensing, allows bacteria to monitor their environment for the presence of other bacteria and to respond to fluctuations in the number and͞or species present by altering particular behaviors. Most quorum-sensing systems are species-or group-specific, which presumably prevents confusion in mixedspecies environments. However, some quorum-sensing circuits control behaviors that involve interactions among bacterial species. These quorum-sensing circuits can involve both intra-and interspecies communication mechanisms. Finally, anti-quorumsensing strategies are present in both bacteria and eukaryotes, and these are apparently designed to combat bacteria that rely on cell-cell communication for the successful adaptation to particular niches.
I
n a process called quorum sensing, bacteria monitor the presence of other bacteria in their surroundings by producing and responding to signaling molecules known as autoinducers. The concentration of autoinducer in a given environment is proportional to the number of bacteria present; therefore, detecting autoinducers gives bacteria a mechanism for ''counting'' one another. Responding to autoinducers by altering gene expression gives bacteria a means to perform particular behaviors only when living in a community but not when living in isolation. Most quorum-sensing controlled behaviors are productive only when a group of bacteria carries them out in synchrony; they include bioluminescence, secretion of virulence factors, biofilm formation, sporulation, conjugation, and pigment production (1) (2) (3) . Because quorum sensing allows bacteria to coordinate the behavior of the group, it enables them to take on some of the characteristics of multicellular organisms.
There are two general types of bacterial quorum-sensing systems: Gram-negative LuxIR circuits and Gram-positive oligopeptide two-component circuits. Gram-negative quorumsensing bacteria typically possess proteins homologous to the LuxI and LuxR proteins of Vibrio fischeri, the bacterium in which they were initially discovered ( Fig. 1A) (4) . The LuxI-type proteins catalyze the formation of a specific acyl-homoserine lactone (AHL) autoinducer that freely diffuses into and out of the cell and increases in concentration in proportion to cell population density. The LuxR-type proteins each bind a specific AHL autoinducer when the concentration of autoinducer reaches a threshold level. The LuxR-AHL complexes activate transcription of target genes by recognizing and binding specific DNA sequences at quorum-sensing-regulated promoters (4) (5) (6) . Some functions controlled by LuxIR-type quorum-sensing systems include plasmid conjugation in Agrobacterium tumefaciens (7) , antibiotic production in Erwinia carotovora (8) , biofilm production and virulence gene expression in Pseudomonas aeruginosa (9, 10) , and expression of factors necessary for symbiosis in Sinorhizobium meliloti (11) . Currently, there are Ͼ70 known LuxIR quorum-sensing systems in Gram-negative bacteria (1, (12) (13) (14) .
Low GϩC Gram-positive bacteria typically use modified oligopeptides as autoinducers (15) (16) (17) . These signals are generically referred to as autoinducing polypeptides (AIPs) (Fig. 1B) . AIPs are produced in the cytoplasm as precursor peptides and are subsequently cleaved, modified, and exported. AIPs specifically interact with the external domains of membrane-bound two-component sensor kinase proteins. Interaction of the autoinducer with its cognate sensor stimulates the kinase activity of the sensor kinase protein, resulting in the phosphorylation of its partner response regulator protein. The phosphorylated response regulator protein binds DNA and alters the transcription of target genes. Some examples of behaviors controlled by AIP quorum-sensing systems include genetic competence and sporulation in Bacillus subtilis (18, 19) , competence for DNA uptake in Streptococcus pneumoniae (20) , and virulence factor expression in Staphylococcus aureus (21) and Enterococcus faecalis (22) .
Despite the fact that the autoinducer signals and detection apparatuses can be highly similar, both LuxIR and oligopeptide two-component-type quorum-sensing systems function such that a response is elicited only to the autoinducer of the bacterial species that produced it. This signaling specificity stems in large part from subtle differences in the autoinducer molecules and their receptors. Here we discuss what is known about the requirements for species-specific cell-cell communication. Quorum-sensing circuits also exist that are species nonspecific; their properties are discussed below.
EsaI catalyzes the formation of the AHL 3-oxohexanoylhomoserine lactone. The x-ray crystal structure of EsaI shows that a hydrophobic cavity in the protein likely encapsulates the acyl moiety of the acyl-acyl carrier proteins. The extreme preference of EsaI for a six-carbon acyl side chain is due to the size of the binding pocket. In addition, preference for a 3-oxo AHL results from a favorable hydrogen bond between the C3 carbonyl of the AHL and the hydroxyl group of a threonine residue on EsaI. Modeling studies suggest that the corresponding pocket in LasI of P. aeruginosa is larger, and consistent with this, LasI produces a longer autoinducer, 3-oxododecanoylhomoserine lactone. This study suggests that the length and derivatization of the acyl side chains of AHLs are determined by differences in the structures of the binding cavities of the LuxI-type proteins.
Specificity in LuxR-AHL interaction is critical for bacteria to distinguish AHLs produced by their own species from AHLs of other species. The structural basis for ligand-receptor interaction has been most thoroughly examined with the TraR protein of A. tumefaciens and its cognate AHL autoinducer, 3-oxooctanoyl-homoserine lactone (27) . The x-ray structure of TraR in complex with its cognate AHL and DNA shows a precise interaction between TraR and the acyl moiety on the AHL. In this case, the C3 keto group of the AHL is stabilized by hydrogen bonding to a water molecule present in an autoinducer-binding cavity. Presumably, alterations in the size and shape of the AHL-binding pocket in other LuxR proteins will correspond to side chain lengths and substitutions of their cognate ligands.
The specificity of the AHL-LuxR pair does not extend to DNA binding and transcriptional activation, because the LuxR proteins all bind to similar DNA regulatory elements termed ''lux boxes'' (28, 29) . Although interchangeability between AHLs and their LuxR partners is not tolerated, together the pairs can control gene expression at noncognate lux boxes. For example, the AHL molecule produced by V. fischeri (3-oxohexanoylhomoserine lactone) together with LuxR, expressed in Escherichia coli, can induce transcription of lasB, a gene normally regulated by LasR and 3-oxododecanoyl-homoserine lactone in P. aeruginosa. Similarly, 3-oxododecanoyl-homoserine lactone, coupled with LasR and expressed in E. coli, will activate the V. fischeri quorum-sensing controlled target luxCDABE (29) . Again, these findings support the hypothesis that target specificity inherent in LuxIR circuits stems exclusively from the selection of a particular AHL by its cognate LuxR-type protein.
Specificity in AIP Communication Systems
As in LuxIR circuits, similarities exist between oligopeptide autoinducers and cognate two-component sensors from different groups or species of Gram-positive bacteria, yet each signalresponse system is remarkably specific. AIP synthesis is inherently accurate, because precise signal generation is guaranteed by the specific DNA sequence encoding the precursor protein.
All AIPs are cleaved from longer precursor peptides, and many AIPs are also subject to posttranslational modifications (Fig.  2B ). Signaling accuracy is achieved through the highly sensitive nature of the AIP receptors to alterations in AIP structure (16) .
AIP signaling specificity has been analyzed extensively in S. aureus (30) (31) (32) . Several clinically important groups within the S. aureus species have been characterized, and they all have slightly different AIPs, processing enzymes, and receptors (33, 34) . The AIPs are 8 to 9 aa long and contain thiolactone rings involving invariant cysteine residues situated 5 aa from the C terminus ( Fig. 2B) (35) . Specificity in AIP signaling, at least in the staphylococci, is entirely determined by the AIP-sensor kinase interaction. This hypothesis is supported by findings that the cognate response regulators in all of the S. aureus groups are completely conserved, as are the target promoter regions (30, 33) . Interestingly, the AIP produced by one group of S. aureus not only activates its own virulence cascade but also inhibits virulence in all other groups. Inhibition of virulence requires far less specificity in AIP structure, because the thiolactone ring portion common to all of the S. aureus AIPs acts as a universal inhibitor of AIP signaling (30) (31) (32) . The group-specific AIP signaling in S. aureus indicates that quorum sensing in S. aureus occurs at the subspecies level. Inhibition by one S. aureus group of cell-cell communication in other S. aureus groups is presumed to benefit the group that first establishes its quorum-sensing cascade, because it facilitates the formation of a single-group infection.
Quorum Sensing Using Multiple Autoinducers and Sensors
Quorum-sensing systems consisting of single autoinducer-sensor pairs are sufficient to control gene expression in response to changes in cell density. However, many bacteria have two or more quorum-sensing systems. Use of multiple quorum-sensing systems allows bacteria to integrate pieces of sensory information, which presumably confers plasticity to the genetic network. The hierarchies can be set up in series or in parallel, the former enabling regulation of genes in a temporally defined manner, and the latter enabling regulation of discrete groups of genes or converging to regulate an identical set of genes.
In P. aeruginosa, two AHL quorum-sensing systems, LasIR and RhlIR, act in series. At high cell density, the concentration of both AHLs is high, and LasR binds its specific AHL to activate the expression of particular target genes. One of the genes activated by the AHL-LasR complex is rhlR, which encodes a second AHL receptor, RhlR. RhlR, in turn, binds its cognate AHL autoinducer and induces expression of its own target genes. Thus, genes controlled by the LasIR system are expressed before those controlled by the RhlIR system. This temporal pattern of gene regulation allows P. aeruginosa to express different virulence factors at various stages in the infection process (36, 37) .
The two P. aeruginosa AHL signals promote virulence in a variety of different hosts, the most important human example being the cystic fibrosis (CF) lung. Not only is the CF lung susceptible to damage caused by AHL-controlled virulence factors, but it is also vulnerable to direct effects of the AHL molecules themselves. Specifically, the P. aeruginosa autoinducers induce the production of the chemokine IL-8 in the CF lung. As a result, neutrophils are recruited to the lung, and this action facilitates the formation of a potent P. aeruginosa infection. Thus, in this system, bacterial AHLs direct the expression of bacterial and host factors that enhance the infection process (38).
In two Vibrio species, Vibrio harveyi and Vibrio cholerae, multiple quorum-sensing systems converge to regulate a single group of genes. V. harveyi uses two parallel systems to regulate the expression of target genes, including those required for bioluminescence, and V. cholerae has three systems that jointly control the virulence regulon (1, 39) . In V. harveyi (Fig. 3) , the two autoinducer synthases, LuxLM and LuxS, each catalyze the synthesis of a specific autoinducer: the AHL 3-hydroxybutanoylhomoserine lactone (denoted AI-1) in the case of LuxLM, and a unique furanosyl borate diester, 3a-methyl-5,6-dihydrofuro-[2,3-d][1,3,2]dioxaborole-2,2,6,6a-tetraol (AI-2), in the case of LuxS (Fig. 2 A and C) (40) (41) (42) . Unlike other Gram-negative quorum-sensing systems in which AHL autoinducers are detected by a cytoplasmic LuxR-type protein, detection of the two autoinducers in V. harveyi occurs in the periplasm via cognate two-component sensor kinase proteins. AI-1 initiates signal transduction in the sensor kinase protein LuxN (43), and AI-2 binds the periplasmic binding protein LuxP, which in turn initiates signaling from the sensor kinase protein LuxQ (44) . Information from both LuxN and LuxPQ converges at the phosphorelay protein LuxU (45, 46) , and LuxU transmits the phosphorylation signal to the response regulator LuxO. LuxO controls transcription of target genes including those encoding luciferase (luxCDABE) (47, 48). It seems paradoxical that V. harveyi uses two quorum-sensing systems to regulate the same set of target genes, because either system alone should be sufficient. One possible explanation for this molecular setup is that the autoinducers play different roles in cell-cell communication. Support for this idea stems from the finding that AI-1, like other AHL autoinducers, is speciesspecific, whereas many diverse species of bacteria possess a conserved LuxS homologue and produce AI-2, suggesting that AI-2 may function in interspecies cell-cell communication. Additionally, unlike AHL and AIP signaling, which is restricted to Gram-negatives and -positives, respectively, LuxS and AI-2 exist in both Gram-negative and -positive bacteria, suggesting that AI-2-mediated communication arose before AHL and AIP signaling (2, 42, 49) .
The V. harveyi quorum-sensing circuit can distinguish among the presence of none, one, or both autoinducers. However, maximal expression of Lux occurs only when both autoinducers are present, suggesting that the circuit could act as a coincidence detector for both autoinducers (50) . Because the V. harveyi quorum-sensing regulon has not yet been fully defined, it remains possible that additional classes of target genes exist that are regulated exclusively by either AI-1 or AI-2. If so, V. harveyi could differentially modify its behavior depending on whether it makes up the majority or the minority of a given mixed-species population. If, on the other hand, the V. harveyi quorum-sensing circuit functions primarily as a coincidence detector that regulates gene expression in response to the presence of both autoinducers, the advantage of this scheme could be that the simultaneous detection of two signals reduces the vulnerability of the circuit to noise or to ''trickery.'' A system that works by a combinatorial scheme could protect the cell-cell communication circuit from molecules made by other organisms in the environment that are similar in structure to the autoinducers (50).
Interspecies Cell-Cell Communication: LuxS and AI-2 AI-2 is the only species-nonspecific autoinducer known. Because of its widespread occurrence, AI-2 is proposed to act as a universal quorum-sensing signal for interaction between species of bacteria (42, 49) . Besides controlling light production in V. harveyi, the various roles that AI-2 plays in other species are beginning to be defined. Among other things, AI-2 controls the expression of genes required for virulence in E. coli, V. cholerae, Clostridium perfringens, and Streptococcus pyogenes; iron acquisition in Porphyromonas gingivalis and Actinobacillus actinomycetemcomitans; antibiotic production in Photorhabdus luminescens; motility in Campylobacter jejuni; and mixed-species biofilm formation between P. gingivalis and Streptococcus gordonii (51) . In Salmonella typhimurium, AI-2 was recently shown to control a seven-gene operon, called the lsr operon (for LuxS Regulated) (Fig. 4) (52) . Four of the lsr operon genes encode an ABC transporter whose function is to promote internalization of AI-2. No additional AI-2-regulated genes have been identified in S. typhimurium, suggesting that AI-2 may have a role that is different from a classic quorum-sensing autoinducer in some bacteria, including S. typhimurium.
In S. typhimurium, and presumably in other bacteria that possess the lsr operon, AI-2 is produced in the cytoplasm and is released into the extracellular environment, where it accumulates. AI-2 is subsequently transported back inside the cell through the Lsr transporter (Fig. 4) (52) . The benefit that bacteria gain from this cyclic process is unknown, although many possibilities exist. For example, AI-2 could be a quorum-sensing signal that impacts as-yet-unidentified genes in S. typhimurium. Other quorum-sensing regulated genes may exist that were not identified in the analysis revealing the lsr genes due to redundancy in the quorum-sensing circuitry or a requirement for a specific growth condition that was not met in the laboratory. If so, import of AI-2 could be used to terminate the quorumsensing cascade or to convey AI-2 to an internal detection apparatus. An alternative hypothesis is that internalization of AI-2 could be a mechanism that bacteria such as S. typhimurium have evolved to interfere with the AI-2 quorum-sensing systems of competing species. This action could serve to confound other bacteria that regulate specific functions using AI-2, thereby giving S. typhimurium an advantage in particular environments. Interference with Cell-Cell Communication: Biological Battles and Conspiracies Quorum sensing often promotes behaviors that are detrimental to other organisms in the vicinity. For example, pathogens such as P. aeruginosa and E. carotovora use AHL-mediated quorum sensing to activate their virulence genes in specific animal and plant hosts, respectively (12) . Likewise, in Serratia liquefaciens, antibiotic production and swarming motility, two behaviors required for virulence, are controlled by AHL-mediated quorum sensing (53) . To protect themselves, some susceptible organisms have developed defenses that interfere with quorum sensing. Several anti-AHL-mediated quorum-sensing strategies have recently been discovered, and we present a few examples here. Additionally, in mixed-species environments, different species of bacteria can ''conspire'' with one another by responding to heterologous AHLs.
The macroalga Delisea pulchra produces a collection of halogenated furanones, many of which inhibit growth of pathogenic microorganisms on its surface. The furanones have structural similarity to AHLs and can prevent the AHL signal of S. liquefaciens from interacting with its cognate LuxR-type protein. In this model system, inhibition of AHL signaling prevents AHL-mediated motility in S. liquefaciens, which precludes bacterial colonization of the alga (54) (55) (56) (57) . Similarly, several organisms produce enzymes that modify AHLs, rendering them inactive. Marine algae such as Laminaria digitata prevent the formation of bacterial biofilms on their surfaces by producing haloperoxidases that generate oxidized halogens with microbicidal activity, such as hypochlorous acid (HOCl). Oxidized halogens react specifically with C3-oxo-AHLs and destroy their signaling capability. This finding is particularly significant because of the ability of the oxidized halogens to penetrate into biofilms (58) .
In addition to eukaryotes, some bacteria produce enzymes that interfere with AHL signaling, presumably to gain an advantage over AHL-producing bacteria in specific biological niches. For example, an AHL lactonase (AiiA) isolated from Bacillus species has been shown to hydrolyze the lactone ring of AHLs to form acylhomoserine, which does not function as a quorum-sensing signal (Fig. 5 Upper) . Expression of AiiA in either the quorum-sensing pathogen E. carotovora or its susceptible plant host eliminates AHL production and infection, suggesting that AiiA can be used to prevent infection by pathogens that use quorum sensing to control virulence (59) (60) (61) (62) . What in vivo role AiiA plays in Bacillus species is not known, but it could be used to interfere with AHL-mediated quorum-sensing behaviors of soil bacteria that compete with Bacillus for the same niche. A different AHL inactivating enzyme, AiiD, was recently discovered in a Ralstonia strain isolated from a bacterial biofilm. Like AiiA, AiiD hydrolyzes AHLs, but in this case the side chain is released from the intact homoserine lactone ring (Fig. 5 Lower) . Again, the final result is elimination of quorum sensing. Introduction of aiiD into P. aeruginosa caused reduced accumulation of extracellular AHLs and inhibited AHL regulated behaviors such as swarming motility, virulence factor production, and paralysis of Caenorhabditis elegans (63) . In another study, the bacterium Variovorax paradoxus was shown to be capable of using AHLs as a sole carbon and nitrogen source, suggesting that it too has AHL degrading activity (64) . It appears that V. paradoxus has evolved the ability to degrade AHLs either as a defense against other bacteria that use AHLs as signaling molecules or as a metabolic scavenging method for using molecules released by neighboring bacteria. These recent discoveries suggest that the inhibition of AHL-mediated quorum sensing might be a widespread mechanism that bacteria use to compete with one another.
Instead of interspecies inhibition of AHL signaling, some bacteria use AHLs for interspecies communication during infection. For example, in cystic fibrosis lungs colonized by both P. aeruginosa and Burkholderia cepacia, in addition to producing and responding to its own AHL, B. cepacia responds to AHLs produced by P. aeruginosa, which promotes formation of a mixed-species biofilm (65) . Because most bacteria reside in mixed-species environments, other examples of bacteria ''conspiring'' to carry out different behaviors could be discovered in examinations of quorum sensing in mixed populations.
Few cases of interference with AIP-mediated quorum-sensing systems are currently known, with the best-studied example being the cross-group inhibition of AIP signaling in S. aureus, discussed above. However, other systems for interfering with AIP-mediated quorum-sensing systems may exist. Although the autoinducer AI-2 is used for interspecies communication, no cases of interference with AI-2 quorum sensing are yet documented. However, as noted above, internalization of AI-2 by enterics such as S. typhimurium is considered one such possible anti-AI-2 communication mechanism.
Conclusion
Recent research shows that chemical communication among bacteria is widespread and involves complex interconnected regulatory networks that serve to fine-tune the expression of diverse group behaviors. Specificity in autoinducer production and recognition is a key component of quorum sensing, because bacteria must preserve the fidelity of their communication circuits while existing in communities containing other organisms that produce molecules similar to their own autoinducers, either as quorum-sensing autoinducers or as autoinducer antagonists. The use of quorum sensing to control behaviors such as biofilm formation, symbiosis, and virulence factor expression indicates that quorum sensing is frequently used to regulate traits involving interactions between different organisms, both mutualistic and antagonistic. Thus, the ability of bacteria to distinguish self from other could also be a fundamental property of quorum-sensing systems. In support of this idea, it appears that some bacteria have evolved species-specific as well as ''generic'' signaling molecules. The recent discovery of autoinducer degrading enzymes demonstrates that interference with quorum sensing is an effective antibacterial strategy used in the wild. Synthetic anti-quorum-sensing strategies could be developed in the future as possible alternatives to antibiotics, because blocking cell-cell communication within or among bacterial species could prevent pathogenicity. Likewise, biotechnological approaches that promote beneficial quorum-sensing behaviors could be exploited for the production of industrial-scale natural products in bacteria.
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